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ABSTRACT
We present result from DECam SDSS i PSF photometry of the radial stellar density
profiles of the Large Magellanic Cloud (LMC) old globular clusters (GCs) NGC 1841,
2210, Hodge 11 and Reticulum, which extent out of ∼ 380 pc from their centres. We
found that the studied LMC GCs would not seem to exhibit extended stellar structures
like those frequently seen in Galactic globular clusters (GGCs), which could suggest
that the LMC gravitational field has not been efficient in stripping stars off its GCs.
The concentration parameter c of the studied LMC GCs would seem to depend on
both the internal dynamics and the position of the GC in the galaxy, as the Jacobi-to-
cluster radius ratio does. When comparing them with GGCs with similar masses and
age-to-half-mass relaxation times ratios, the studied LMC GCs would seem to have
the smallest concentration parameter c values and step aside of the GGC relationship
in the core-to-half-light radius ratio (rc/rh) vs half-light-to-tidal radius ratio (rh/rt)
plane. These observational differences could suggest that other conditions, like the
gravitational potential of the host galaxy and/or the orbital parameters (e.g. halo- or
disc- like orbits), could play some role in the evolution of the structural parameters of
these two GC populations.
Key words: techniques: photometric – galaxies: individual: LMC – galaxies: star
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1 INTRODUCTION
Recently Wagner-Kaiser et al. (2017, hereafter WK17) used
HST data to show that metal-poor old globular clusters
(GCs) in the inner halo of the Milky Way (MW) and in the
Large Magellanic Cloud (LMC) are highly synchronized, in
the sense that they seem to be coeval to 0.2 ± 0.4 Gyr. Be-
cause their masses are also similar (Sollima & Baumgardt
2017; Mackey & Gilmore 2003, hereafter MG03), it becomes
interesting to investigate whether such a synchronization has
reached other astrophysical properties linked to them, such
as structural parameters, relaxation times, etc.
Within the Galactic globular cluster (GGC) popula-
tion, the presence of extra-tidal features is frequently seen,
either as tidal tails, or extra-tidal stellar populations, or
extent diffuse halo-like structures (e.g. Odenkirchen et al.
2003; Correnti et al. 2011; Carballo-Bello et al. 2012; Kuzma
et al. 2017; Myeong et al. 2017; Navarrete et al. 2017; Pi-
atti 2017c). Nevertheless, as pointed out by Piatti (2017a),
a renewed overall study of the external regions of GGCs
? E-mail: andres@oac.unc.edu.ar
is needed to reliably characterize them, and hence to in-
vestigate whether there is any connection between detected
extra-tidal features with the GGCs’ dynamical histories in
the Galaxy. If ages and metallicities led WK17 to conclude
on the synchronicity of GC formation in the MW and the
LMC, the comparison of their structural parameters (e.g.
core and tidal radii) could shed light about any synchronic-
ity of their dynamical histories as a result of their internal
dynamics and tidal interactions with their host galaxies.
Mackey & Gilmore (2003, hereafter MG03) derived ac-
curate King (1962)’s core radii (rc) for five out of the six
LMC GCs analysed by WK17, namely, NGC 1466, 1841,
2210, 2257 and Hodge 11. They could not estimate tidal radii
(rt) because of the limited field-of-view of the HST camera.
The sixth GC in the WK17 sample, Reticulum, has rc and
rt values estimated from photographic plates by Peterson
& Kunkel (1977). As far as we are aware, there is no other
study on the external regions of these LMC GCs. For this
reason, we took advantage of DECam images (2◦×2◦ field-
of-view, pixel size=0.263′′; Flaugher et al. 2015) to perform a
sound analysis of their outskirts and to compare their struc-
tural properties with those of GGCs.
c© 2017 The Authors
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The paper is organized as follows: Section 2 introduces
the data sets used and describes their processing. In Sec-
tion 3 we explain how we constructed the radial stellar den-
sity profiles. It also presents the structural parameter esti-
mates derived. Section 4 deals with the analysis of the resul-
tant structural parameters and compares them with those
of the GGCs, in order to establish any connection between
them, as WK17 did for their ages and metallicities. Finally,
Section 5 lists the main conclusions of this work.
2 DATA HANDLING
By searching the National Optical Astronomy Observatory
(NOAO) Science Data Management (SDM) Archives1 we
found SDSS i images taken in the field of NGC 1841, 2210
and Hodge 11 by the Survey of the Magellanic Stellar History
(SMASH; Nidever et al. 2017), and in the field of Reticulum
by the Dark Energy Survey (DES; Abbott et al. 2016). We
downloaded the deepest publicly available images contain-
ing the aforementioned GCs, discarding those in which the
clusters fall in gaps or are close to their margins. We pre-
ferred resampled images, because they have been corrected
for distortion and have better astrometric coordinate solu-
tions (Valdes et al. 2014). They consist of 120 s co-added i
images (90 s for Reticulum) with typical FWHMs of 0.95′′.
We obtained point-spread-function (PSF) photometry
using the stand-alone DAOPHOT package (Stetson et al.
1990). A series of tasks comprising star finding and aper-
ture photometry, PSF modelling with functions quadrati-
cally varying, and the use of the resulting PSFs to obtain
instrumental magnitudes were performed iteratively three
times on previously created subtracted images to find and
measure magnitudes of additional fainter stars (see, e.g., Pi-
atti 2017c,b; Piatti et al. 2017). Bona fide stellar objects were
successfully isolated by using roundness values between -0.5
and 0.5 and sharpness values between 0.2 and 1.0.
We also performed extensive artificial star tests around
the cluster regions in order to accurately map the complete-
ness of our photometry in terms of photometric depth and
spatial dependence with the distance from the cluster centre.
In doing this we repeated the PSF photometry recipes re-
ferred above – including the three passes to measure fainter
stars – on a thousand created images per cluster with nearly
5 per cent added stars distributed appropriately according
to the cluster stellar density profile and covered magnitude
range (see, e.g. Piatti 2015; Piatti & Bastian 2016; Piatti
& Cole 2017). The resultant completeness functions are de-
picted in Fig. 1.
3 DATA ANALYSIS
We first determined the cluster photometric centres by us-
ing stars with SDSS i magnitudes at 100 per cent complete-
ness level, from which we applied a kernel density estimator
(KDE) technique. Particularly, we employed the KDE rou-
tine within AstroML (Vanderplas et al. 2012), which has
the advantage of not depending on the bin size and starting
1 http://www.noao.edu/sdm/archives.php.
point to build a stellar density map, as it is the case when-
ever star counts and histograms are produced. The only free
parameter is the so-called bandwidth, which refers to the
FWHM of the Gaussians used to build the stellar density
map. Bandwidths were varied from 2 up to 10 times the im-
ages’ FWHMs without noticing any changes in the photo-
metric centres larger than the estimated uncertainties (typ-
ical σ ∼ 1.0′′). In the case of NGC 2210 we used the IRAF2
n2gaussfit task instead, because the central cluster region
is not resolved by the DECam images.
Stellar density maps were constructed by employing the
KDE routine over a subsample of stars with SDSS i magni-
tudes brighter than those for the 90 per cent completeness
level. Since this is a compromise between desirable photo-
metric depth and distance from the cluster centre, we chose
radii and SDSS i magnitude limits that allowed us to reach
relatively faint stars located reasonably inside the cluster
main bodies. Fig. 1 shows those chosen limits in SDSS i mag-
nitude and radius represented by the horizontal and vertical
blue lines, respectively. From the resultant stellar density
maps, we built the cluster stellar density profiles using the
above photometric centres and averaging the generated stel-
lar density values for annular regions of ∆log(r /arcsec)= 0.1
wide. These measured stellar density profiles are shown in
Fig. 2 with open circles with the respective errorbars. From
them, the mean background levels were estimated (horizon-
tal lines in Fig. 2) and subtracted from the measured stel-
lar density profiles. The background subtracted profiles are
depicted with filled circles in Fig. 2. In this case, the error-
bars come from considering in quadrature the uncertainties
of the measured density profiles and the dispersion of the
background levels. Additionally, from the intersection of the
mean background level and the GC stellar density profile
we derived the observed cluster radii (rcls). The mean val-
ues and errors are illustrated with solid and dotted vertical
lines in Fig. 2.
MG03 fitted the surface brightness profiles of
NGC 1841, 2210 and Hodge 11 - obtained from HST data
that reach ∼ 76 arcsec out of the cluster centres - with Elson
et al. (1987, hereafter EFF)’s models through the expression:
µ(r) = µo
(
1 +
r2
a2
)−γ/2
(1)
where µo, a and γ are the central surface brightness, a mea-
sure of the core radius and the the power-law slope at large
radii, respectively. We used their a and γ values to overplot
EFF models onto the background subtracted stellar den-
sity profiles, which very well match the outer cluster regions
as well, as can be seen in Fig. 2 (blue lines). For Reticu-
lum, we performed here our own fit (a = 29.1±1.7 pc, γ =
4.2±0.3) by using a grid of (a, γ) values to fit its stellar radial
profile by χ2 minimization. Notice that the stellar density
profiles are affected by photometry completeness less than
90 per cent across the shaded areas of Fig. 2. In the cases
of NGC 2210 and Hodge 11 such an incompleteness is more
severe than for NGC 1841 and Reticulum.
2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc., under contract with the National
Science Foundation.
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Figure 1. Variation of the photometric completeness as a function of the instrumental SDSS i magnitude and the distance from the
cluster centre, according to the grey-scale bar placed to the right margin of each panel. Blue lines delineate the region of stars used to
build the stellar density profiles.
We also used King (1962)’s profiles with the rc values
derived by MG03 to find the rt ones that best reproduce
the stellar density cluster profiles. Because of the limitation
of this method to derive rt values, we constrained their use
in the subsequent analysis only to estimate concentration
parameters c (≡ log(rt/rc)), allowing relatively larger un-
certainties (see Table 1). For Reticulum, we also derived rc.
In order to have independent estimates of the cluster half-
light radii (rh), we fitted Plummer (1911)’s models. Both,
King and Plummer resultant curves are illustrated in Fig. 2
with orange and red lines, respectively. From the resulting rh
values and the asymptotic masses (M∞) derived by MG03
(by Suntzeff et al. (1992) for Reticulum), we calculated half-
mass relaxation times using the equation of Spitzer & Hart
(1971)
tr =
8.9× 105M1/2∞ r3/2h
m¯log10(0.4M∞/m¯)
, (2)
where m¯ is the average mass of the cluster stars. For simplic-
ity we assumed a constant average stellar mass of 0.75 M,
which corresponds to a star at the main sequence turnoff of
these LMC GCs (Bressan et al. 2012). Finally, we computed
MNRAS 000, 1–9 (2017)
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the values of Jacobi radii from the expression (Chernoff &
Weinberg 1990)
rJ = (
M∞
3MLMC
)1/3 × ddeproj , (3)
where MLMC is the LMC mass contained in a volume of
radius equals to the cluster deprojected galactocentric dis-
tance (ddeproj). The latter were calculated by assuming that
the GCs are part of a disc having an inclination i = 35.14◦
and a position angle of the line of nodes of Θ = 129.51◦ (Bal-
binot et al. 2015). For MLMC we used three available values
of 0.5, 1.7 and 18 ×1010 M contained inside ddeproj = 4, 9
and 20 kpc, respectively (Besla et al. 2012) and derived the
fitted equation MLMC = 0.023 (ddeproj /kpc)
3 (×109 M),
which we used to interpolate the respective LMC mass val-
ues. Table 1 lists all the relevant astrophysical properties
estimated with their respective uncertainties.
4 ANALYSIS
Fig. 2 reveals that beyond the King’s profiles none of the
studied LMC GCs exhibit any sort of extra-tidal struc-
tures like those seen in a non-negligible number of GGCs
(Carballo-Bello et al. 2012). Although the origin of such
extended stellar structures around them is not well-known
(Piatti 2017a), some theoretical developments have shown
that they could be due to potential escapers (Ku¨pper et al.
2010) or potential observational biases (Balbinot & Gieles
2017). According to Gnedin & Ostriker (1997) and Dinescu
et al. (1999) some GGCs have experienced disruption by
tidal shocks more important than by internal relaxation and
evaporation, so that tidal tails should be expected as debris
from those interactions with the MW. Multiple tidal tails
from the interaction with the MW potential have also been
recently predicted from numerical simulations (Hozumi &
Burkert 2015). Therefore, in broad terms, we could conclude
that the GGC stars located in the outermost regions are ex-
periencing, in some way, gravitational effects due to the MW
gravitational field.
The orbital motions of LMC GCs are satisfactorily de-
scribed by a disc-like rotation with no GCs appearing to have
halo kinematics (Schommer et al. 1992; Grocholski et al.
2006; Sharma et al. 2010), so that it is expected that they do
not cross the LMC disc as many GGCs do in the MW. Hence,
they have not had chances to be subjected to tidal shocks
which could cause the appearance of extra-tidal structures,
or in a more general context, that the LMC potential has
not been efficient in stripping stars off its GCs. The studied
LMC GCs have rcls ≤ rt.
Since rJ indicates where stars are gravitationally un-
bounded from the GC, we measured the degree of tidal filling
by comparing the derived rJ values with the rcls ones (see
top-left panel of Fig. 3). As can be seen, GCs have not filled
their respective Jacobi volumes, which explains the negative
detection of extended stellar structures. Curiously, the more
massive the GC the less filled the Jacobi volume, which, at
a first glance, results contrary to the expected higher tidal
filling in more massive GCs. We found that such an ap-
parent opposite behaviour could be due to the differential
LMC gravitational field, i.e, GCs located in the galaxy out-
skirts have been allowed to expand more than those in inner
regions, provided that they were placed in disc-like orbits
during their lifetimes (Miholics et al. 2014). Precisely, the
top-right panel of Fig. 3 (see also Table 1) shows that Retic-
ulum and NGC 1841, located at ddeproj of 10.62 and 15.55
kpc, respectively, are relatively more expanded within their
Jacobi volumes than NGC 2210 and Hodge 11 (ddeproj ≈ 4.5
kpc), despite the latter are more massive GCs. This result
interestingly suggests that, even though the LMC potential
has been relatively inefficient in carving extra-tidal struc-
tures, it has differentially affected the GC expansion due to
the internal dynamics (e.g., two-body relaxation). Indeed,
the bottom panels of Fig. 3 would seem to suggest that the
concentration parameter c not only shows a trend with the
age/tr ratio, but also with the position of the GCs in the
galaxy.
We compared the derived LMC GC structural param-
eters with those of GGCs using the values of rc, rh, c, tr
and the Galactocentric distances RGC compiled by Har-
ris (1996). As for the GGC masses, we used masses of 35
GGCs published by Sollima & Baumgardt (2017) and the
integrated absolute magnitudes MV of Harris (1996) to fit
the expression log(MGGC /M) = -0.42MV + 2.02, which
we used to estimate homogeneously the masses of the 156
GGCs included in the Harris (1996)’ catalogue. Fig. 4 de-
picts the results of the comparison carried out for different
relationships. GGCs are represented with open circles, while
grey filled circles represent GGCs with age/tr ratios and
masses similar to those of the LMC GCs (see bottom-left
panel). Notice that, since Harris (1996) used the best mea-
surements available in the literature to compile the GGCs’
parameters, their errors result smaller than the symbol size.
Thus, we can straightforwardly draw conclusions about any
connection between these astrophysical properties in the GC
populations of these two galaxies.
As mentioned above, the concentration parameter c is
a measure of the dynamical evolutionary stage of a cluster
following two-body relaxation, mass segregation and finally
core-collapse. Consequently, the larger the c value the more
dynamically evolved a cluster. As can be seen in the top-
left panel of Fig. 4, more massive GGCs have dynamically
evolved faster; while the LMC GCs have the lowest con-
centrations, thus implying that they are the least evolved,
in comparison to their counterpart GGCs. This is an unex-
pected result because both GC populations have lived sim-
ilar number of times their tr (similar age/tr ratios), as is
shown in the top-middle panel of Fig. 4, and are highly syn-
chronized (WK17). Under the assumption that isolated GCs
of similar masses should dynamically evolve similarly, the
present outcome poses the idea that other conditions, for
instance, the gravitational potential of the host galaxy, the
features of the GC orbital motions (halo- or disc- like orbits),
could also affect differentially the relationships between dif-
ferent structural parameters.
Indeed, in the rc/rh vs rh/rt plane (see right-left panel
of Fig. 4), where a cluster moves approximately in the
top-right-bottom-left direction (Heggie & Hut 2003, see,
e.g., their figure 33.2) while relaxing toward a core-collapse
stage, LMC GCs evolved differently than GGCs with similar
masses and age/tr ratios. Interestingly, there is a group of
six GGCs (NGC 6352, 6749, 6838, Terzan 4, 10 and 2MS-
GC01) that follow approximately the distribution of the
LMC GCs. These GGCs have lived much more times their
MNRAS 000, 1–9 (2017)
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Figure 2. Measured and background subtracted radial stellar density profiles represented with open and filled circles, respectively.
The horizontal line represents the mean background level, while the solid and dotted vertical lines represent the derived rcls and its
uncertainty. The shaded area was not consider to perform the fits of King (1962), Elson et al. (1987) and Plummer (1911) profiles,
which were superimposed with orange, blue and red lines, respectively. The observed mismatch towards the centres is due to photometry
incompleteness.
relaxation times (∆(age/tr) ≈ 15 - 50) and have smaller
masses (∆(log(M /M) ≈ 3.8 - 4.8) than the LMC GCs; all
of them are located at RGC < 7 kpc. On the other hand, c
values of GGCs do not seem to be linked with their positions
in the MW (see top-right panel of Fig. 4), like LMC GCs ap-
pear to show respect to their own host galaxy (see bottom-
right panel of Fig. 3). Nevertheless, some precaution in this
suggested trend is needed, since some GGCs change signif-
icantly their RGC because of their orbital motions, which
could blur any real relationship.
5 CONCLUSIONS
We have made use of publicly available deep DECam SDSS
i images around the fields of the LMC GCs NGC 1841, 2210,
Hodge 11 and Reticulum to obtain stellar PSF photometry
from which their radial stellar density profiles were built out
of ∼ 380 pc from their centres. The latter were constructed
from a subsample of all measured stars whose magnitudes
are brighter than that for the 90 per cent photometric com-
pleteness level. These are the most extended stellar radial
profiles built for these GCs so far.
MNRAS 000, 1–9 (2017)
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Table 1. Derived properties of LMC GCs.
ID ddeproj rc
a rh rcls rt rJ tr age
b log(M∞ /M)c
(kpc) (pc) (pc) (pc) (pc) (pc) (Gyr) (Gyr)
NGC 1841 15.55 7.77±0.17 14.75±1.26 31.51±5.04 50.42±12.61 109.7±22.69 4.8±1.1 13.77±1.70 5.12±0.20
NGC 2210 4.37 1.99±0.06 4.46±0.49 19.62±3.68 19.62±4.91 119.2±9.81 1.2±0.2 11.63±1.50 5.48±0.10
Hodge 11 4.53 2.95±0.16 7.65±0.25 20.08±3.76 42.66±2.51 138.5±32.62 2.9±0.8 13.92±2.10 5.63±0.24
Reticulum 10.62 18.82±1.26 36.39±3.76 47.68±6.27 112.90±12.55 76.0±40.15 19.0±13.0 13.09±2.10 5.15±0.25
a Taken from MG03, except Reticulum’s value which is derived in this work; b taken from WK17; c taken from MG03, and from
Suntzeff et al. (1992) for Reticulum. Note: to convert 1 arcsec to pc, we use the following expression,10×10(m−M)o/5sin(1/3600) where
(m−M)o is the true distance modulus taken from WK17.
We then matched the background subtracted stellar
density profiles with EFF, King, and Plummer models. In
doing this, we chose core, half-mass and tidal radii which
made the fitted models best resembled the traced stellar
density profiles. Additionally, taking advantage of the known
GC asymptotic masses, we estimated their Jacobi radii and
half-mass relaxation times. From the analysis of the relation-
ships between different structural parameters, we conclude:
• The studied LMC GCs would not seem to present any
hint of extended stellar structures, like the family of different
characteristics (e.g., extra-tidal structures, tidal tails, extent
halo-like features) seen in an important number of GGCs.
• The apparent negative detection of such outer region
structural tracers could suggest, contrarily to what is pre-
dicted for some GGCs, that the LMC potential has not been
efficient in stripping stars off its GCs.
• We showed that the present sample of LMC GCs have
not filled their respective Jacobi volumes and that the more
massive the GC the less filled the Jacobi volume. This re-
sult could be explained if their deprojected galactocentric
distances are considered, because more distant GCs are al-
lowed to expand differentially more, provided that the LMC
GCs have spent their lifetimes in disc- like orbital motions.
• The evolution of the LMC GC concentration param-
eter c would seem to be dependent on both the internal
dynamics and the position of the GC in the galaxy.
• As compared with the GGCs that have lived a sim-
ilar number of times their tr and have similar masses, the
studied LMC GCs would seem to have the smallest c values.
This finding would seem to suggest that other conditions,
like the gravitational potential of the host galaxy or the fea-
tures of the GC orbital motions (halo- or disc- like orbits),
could play some role in the the relationships between differ-
ent structural parameters.
• Such a different behaviour between the studied LMC
GCs and GGCs is also seen in the rc/rh vs rh/rt plane, and
in the fact that c values of GGCs do not seem to be corre-
lated with their positions in the MW, although due to their
orbital motion some of them change their RGC significantly,
which could hide any actual trend.
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